All chemical reactions involve electron rearrangement within or between molecules. The changes are best studied by methods such as electrochemistry, but these have been developed mainly for liquids and solids rather than gases. This exclusion limits our understanding of electron transfer processes that are central in plasma systems, which are of high scientific, industrial, and environmental importance. Here we describe electrochemical measurements in the gas phase of small organic molecules contained in flame plasma, by probing the redox activity of the resulting chemical fragments using cyclic voltammetry. Unique current-voltage spectra are recorded for eight amino acids and their fragments, through specific electron transfer reactions at the solid/gas interface. We identify and assign Faradaic peaks in the current-voltage spectra to the fragments using stable analogues of the fragments and in situ mass spectroscopy. We show that this approach provides unambiguous identification of organic based molecules, with a sensitivity and power of speciation to rival mass spectrometry.
E lectron transfer between atoms or molecules brings about the remarkable wealth of chemistry that underpins all fundamental processes, ranging from star formation to sustaining life 1, 2 . Electron exchange is also essential in industry and research to achieve desired chemical transformations. Consequently, techniques that yield an improved understanding of redox reactions are highly important. Electrochemical analysis is conventionally performed at the solid/liquid interface to investigate electron attachment reactions at an electrode surface under mutually matching energy levels 3 . However, the solid/liquid interface imposes a double constraint: analytes outside the solvent's endogenous electrochemical activity range are excluded from detection and the liquid imposes a significant diffusive barrier. The most radical way to overcome these limitations is to completely omit solvent [4] [5] [6] [7] [8] . An important requirement remains, however, to achieve electrical conductivity to sustain charge transfer 6, [9] [10] [11] .
Here we present a departure from conventional electrochemistry and measure-in the gas phase-the direct electrochemical reduction of organic compounds via voltammetry. The principle of the approach is schematically summarized in Fig. 1 . A target molecule is added to a hydrogen/oxygen flame that serves as gas-phase electrolyte. The flame also fragments the molecule into stable units as well as several transient radical species 12 . The latter interact with the working electrode surface by accepting an electron, giving rise to a series of corresponding reduction peaks in the voltammogram. Interference from ions of the hydrogen/ oxygen flame is minimal because the target molecule is introduced at approximately 1.2 ± 0.2 × 10 18 particles m −3 , which is about a thousandfold higher than the background ionisation. The recorded potentials of reduction are defined against a specially developed high temperature reference electrode based on oxygen conducting zirconium oxide (YSZR) 13 . All potentials herein quoted versus this reference.
Results
Gas-phase electrochemical analysis of simple acids and alcohols. To validate the new approach, we first added to the plasma two simple organic species bearing carboxylic acid groups, and recorded the reduction signals. Our working hypothesis was that the functional group would give rise to a radical species, which is measured as a characteristic signature in the voltammograms. Indeed, both methanoic and ethanoic acids yielded a prominent peak at −5.80 ± 0.3 V (Fig. 2a) , which most likely represents the electrochemical reduction of the carboxylate fragment COOH (or HCOO) as indicated by the fragment in the mass spectra (MS) for formic and ethanoic at 45 m/z, Fig. 2b [14] [15] [16] . In support of the interpretation, amino acid alanine had the same peak. The COOH (or HCOO) fragment as opposed to CO 2 is plausible given the slightly reducing plasma with a high proportion of hydrogen in the premixed flame. Indeed, addition of CO 2 to the flame up to a concentration of 10%/vol gave no measurable reduction signals, most likely due to the corresponding large positive electron attachment energies 17 .
In further analysis, ethanoic acid but not methanoic acid displayed an additional peak at −9.0 ± 0.2 V (Fig. 2a) . The signal is most likely due to the methyl-derived CH 2 + fragment, which is seen in supporting MS of ethanoic acids as a peak at 14 m/z but not for methanoic acid (Fig. 2b) . MS sampling was conducted at the same point where the electrode would be positioned for electrochemical measurements. In support, alanine also showed the peaks in both analysis methods. The high potential of −9.0 ± 0.2 V underscores the advantage of the new gas-phase voltammetry because classical liquid-based electrochemistry with a limited to the range of −2 to +3 V vs. NHE due to the breakdown of the solvent, electrode or electrolyte would have not enabled detection.
After establishing that carboxylic acid groups provide unique electrochemical signatures, hydroxyl groups were tested. The voltammograms for methanol and ethanol gave rise to a broad peak at −4.1 ± 0.4 V (Fig. 2a) , thereby confirming that the flame-induced fragmentation also yields a unique signature for C-OH. The electrochemical signals stems, however, likely from the oxidized CHO group, which is also detected in MS as 29 m/z peak (Fig. 2b) . Oxidative fragmentation of alcohols during combustion is well known 18, 19 , (see Supplementary Note 1) and dominates the slightly reducing environment of the plasma. The other electrochemical signal at −8.0 ± 0.3 V of only ethanol possibly reflects a dicarbon fragment not observed in the MS.
Analysis of amino acids. Next, serine was examined to test whether the hydroxyl and the carboxyl group that were previously separately detected can also be identified within one molecule. Indeed, voltammograms of serine displayed a common signature at −4.1 ± 0.4 V similar to the two simple reference alcohols (Fig. 2a) . In agreement, negative control alanine lacking the hydroxyl group did not have this signal. In further support, serine featured the acid peak at −5.9 ± 0.15 V, almost identical to the value of methanoic and ethanoic acid at −5.80 ± 0.3 V. Strikingly, both serine and alanine displayed a peak at −7.9 ± 0.2 V, likely reflecting the amine group. This interpretation is supported by a −7.9 ± 0.2 V signal with the same asymmetry for the chemically simpler methylamine but also glycine (Fig. 2a ). Methylamine shows other peaks as expected from its known more complex combustion 20, 21 . Aromatic groups such as phenol and the amino acids tyrosine and phenylalanine similarly gave unique voltammogram peaks. For example, phenol clearly showed two peaks at −3.9 ± 0.3 V and −2.5 ± 0.3 V at approximately the same potentials as for phenylalanine and tyrosine (Fig. 2a) . The signals can be associated with the aromatic side groups' ring opening and subsequent breakdown. The peak-to-peak separation, ΔE for phenol and phenylalanine are 1.05 ± 0.10 V and 1.10 ± 0.08 V, respectively, but 0.93 ± 0.08 V for tyrosine, are almost identical. Any subtle differences between them may be due to the different substitution of the benzene ring.
To confirm that gas-phase electrochemistry can distinguish between a range of closely related analyte molecules with different functional groups, a wide set of eight amino acids were examined. The features in the voltammograms for each amino acid, Fig. 3 , echo the signatures of the key functional groups of the amino acids, as established from the simple previously analysed molecules (Fig. 2a) . For example, the voltammograms of glycine, alanine and serine with peaks at approx. −4.1, −5.8, −7.7 and −9.0 V were assigned to the previously established chemical groups of alcohol, acid, amine and methyl groups, respectively. The interpretation is supported by MS as the pattern of fragmentation reflected the electrochemical signals of the three amino acids (Fig. 3) . Similarly, the aromatic amino acids gave peaks expected for the loss of the acid group at −5.8 V ± 0.3 V, and the other features are likely from the breakdown of the aromatic portion. As expected, isomeric amino acids leucine and isoleucine have the same pattern ( Fig. 3b) with −5.8, −7.5 and −9.0 V due to decarboxylation, amine, and aliphatic fragments, respectively. The voltammograms valine, leucine and isoleucine differ only in the number or structure of carbons, and hence have related electrochemical signals as well as patterns of fragmentation as shown by MS in Supplementary Fig. 1 .
Mechanistic study. The voltammetry data imply that electrochemical reduction takes place at the electrode surface. To provide direct evidence for this surface-located reaction, in situ Raman spectroscopy was applied, Fig. 4 . Therefore, a graphitic electrode was exposed to a flame doped with water containing 5 mM leucine, and Raman spectra were recorded at 1 V steps between 0 V and −10 V and reverse. The analysis focused on Raman carbon G band at 1560 cm −1 because it corresponds to the E 2g optical mode, where stretching of all bonds with sp 2 atoms is sensitive to redox processes 22, 23 . As shown in Fig. 4b , the band's intensity varies with applied static potential, and strongly correlates with the electrochemical peaks in terms of voltagedependence and signal strength. This means that at potentials with strong electrochemical reduction, the G band has low intensity. The correlation is the same when the potential is scanned in both directions; it does not occur in the absence of lysine (Fig. 4a) . The Raman data hence provides compelling evidence of redox chemistry at the electrode surface in contact with a gaseous plasma.
Theoretical framework. After demonstrating the experimental validity of our electrochemical approach, we next sought to place it within a theoretical framework. Our considerations first focused on the fact that the gas-phase voltammograms feature peaks rather the step-wise current levels that are typical for liquid-phase electrochemistry (Fig. 5) . To account for the peaks, we use the electrode's Fermi energy for electron transfer, E F , and the characteristic reduction potential, E R , for the oxidized organic fragments in the gas phase 24 . Electron transfer between electrode and fragments is assumed to only take place when E F and E R energetically overlap (Fig. 5 , E F-2 = E R ). This can be achieved by varying E F with the potential. By contrast, mismatching energy levels E F-1 < E R or E F-3 > E R do not lead to transfer (Fig. 5 ). This explanation is clearly different to the traditional liquid-phase electrochemistry where electron transfer takes place provided the Fermi level is higher than E R (Fig. 5) , as underpinned by the stepwise current levels in traditional voltammograms 25 . The uniqueness of gas-phase electrochemistry is underscored by demonstrating that the peaks in the voltammograms represent solely reduction but not oxidation of the molecular fragments. Visually, the absence of oxidation can be inferred from the missing peaks in the positive direction on the voltammogram. The expectation, for a system such as this with efficient hydrodynamic mass transport of oxidised species to the electrode surface, would appear in the voltammogram as a plateau, represented as a blue solid line in Fig. 5 . This unique property can also be formalized by Eq. (1), which predicts the current shown as the red solid line in Fig.5 , similar to what we observe experimentally, via integrals for reduction and for oxidation species to facilitate reduction-will be high as the uncharged radical fragments can diffuse to the negatively charged electrode surface. By contrast, m R -equivalent for oxidation-will be vanishingly small because the reduced and hence negatively charged fragment will be electrostatically repelled by the negatively polarized electrode surface. The extent of repulsion can be calculated. A singly charged species will experience an electric field of ca. 50,000 V m −1 when a potential difference of 5 V is applied across a plasma sheath. This will result in an acceleration of 2 × 10 11 m s −2 away from the electrode surface.
Discussion
We present a method capable of differentiating a variety of different organic species, which is achieved by adopting a gaseous plasma medium interrogated by electrochemistry. Using a combination of mass spectrometry and doping with a small selection of carefully chosen species, we have successfully assigned the electrochemical signals to the fragmentation products of eight different amino acids. We deduced that certain organic groups give rise to radical species in the flame, which can be reduced electrochemically resolved in applied potential. We present new insights into electrochemical electron attachment in a plasma and present true gas phase electrochemistry of organic species. This radical departure from conventional liquid phase electrochemistry enables electron attachment events to be measured in the gas phase, which are normally restricted to techniques such as electron beam or photoelectron spectroscopy 17 . Perhaps expectedly, there are significant departures from the analogous electron transfer processes in condensed phases. These departures present fruitful theoretical avenues for research to develop a quantum mechanical level understanding of electron transfer reactions at the solid/gas interface. Whilst we only show measurements between 0 and −10 V here, we expect that there will be a rich electrochemical information to be accessed beyond this range.
The frugal design of the electrode assembly is both robust and simple, presents a very powerful tool for chemical analysis 26 . We anticipate that this approach extends the utility Langmuir probes by providing chemical information rather than simple conductivity measurements for the development of new plasma diagnostic tools 27, 28 , stimulating new analysers for atomic absorption and inductively coupled plasma.
Methods
Burner design. A specially designed Méker type burner (based on the design described by Goodings and Hayhurst 29 ) used for this study is described in Supplementary Note 3, and Supplementary Figure 2 providing a two-compartment laminar flow flame consisting of a premixed combination of hydrogen, oxygen and nitrogen. Aqueous solutions were prepared using deionised water (Millipore Milli-Q ® gradient, <0.05 S cm −2 ). The solution was introduced into the gas stream in the form of an aerosol created from a modified ultrasonic atomiser (Index Ltd. UK). The burner brass top-plate was cleaned by skimming the top surface, and the holes where carefully cleaned using a 0.5 mm diameter drill before each set of experiments. The burner was mounted vertically on an earthed aluminium table. The dual flames were each served by an independent stream of gases at flow rates of 1.6, 0.4 and 1.0 L min −1 for nitrogen (99.99%), oxygen (99.9+%) and hydrogen (99.995%) (gases supplied by BOC), respectively; with a total flow rate for the entire flame of 6.0 L min −1 , shown in Supplementary Note 3. Individually controlled digital mass flow controllers (5850 S, Brooks, USA, with IGI control interface, UK) were used to regulate the flow rates of hydrogen, oxygen and nitrogen. Before reaching the burner, each of the two gas streams were thoroughly mixed in a chamber, which included a blow-out panel to protect against flash back; NB. Premixed hydrogen and oxygen gases are explosive and adequate safety precautions were taken. The gas lines for both streams were identical except for an aerosolization chamber which was used to introduce the organic species to the flame, in the nitrogen line, before the mixing chamber feeding the right-hand section of the flame. In all experiments solution was added to the right-hand flame, the left-hand flame was kept as a clean flame and was used as the reference electrode compartment. The calibration for the delivery of dopants to the right-hand flame is outlined in Supplementary Note 4.
Instrumentation. Electrode surface temperatures, whilst immersed in the flame, were measured using a Thermal Imaging Pyrometer (800-3000 K) model M9100 supplied by Mikron instrument Company Inc. (USA), calibrated to a traceable standard. Cyclic voltammograms were recorded using a potentiostat (Autolab PGSTAT 100, Eco Chemie B.V. supplied by Windsor Scientific Ltd., UK) with 100 V compliance voltage, only the first sweep is presented of the cyclic voltammogram and are referred to as 'voltammogram'.
Mass spectrometry measurements were carried out using a HPR-60 MBMS (Hiden, UK) an instrument specifically for atmospheric plasma analysis. The Raman measurements were performed using a inVia Raman microscope (Renishaw, UK) with an optic fibre probe, which was focused on the working electrode surface (see Supplementary Figure 3 ).
Electrode assembly and procedure. Reference electrodes were constructed by thoroughly grinding yttria-stabilised zirconia with a small amount of ethanol to form a homogeneous paste, which was packed into the end of a recrystallized alumina tube (od 2.75 mm, id 1.6 mm, Dynamic Ceramic, UK) to a depth of 3.0 mm, making contact with a tungsten wire (1 mm diameter, Goodfellow, UK) for electrical connection. The counter electrode and working electrode assembly was positioned at 10.0 mm above the burner top. The cylindrical stainless-steel enclosure had a 25.0 mm diameter platinum disc, 2.0 mm thickness held in place at the base of the enclosure. The platinum disc had a 3.0 mm diameter hole at its centre which accommodated the working electrode (see Supplementary Note 3). The entire assembly was positioned over the flame with the hole accommodating the working electrode precisely in the path of the right-hand section of the flame. A gold or pyrolytic graphite rod (Goodfellow Ltd., UK) 2.4 mm diameter served as a working electrode, which was clamped in a ceramic holder (Macor®) and precisely positioned in a 3.0 mm hole in a platinum foil counter electrode. Once in the flame, the working electrode surface temperature was 1236 ± 15 K. The voltammograms where recorded after the electrodes were positioned in the flame for 30 seconds, scanning between 0 to −10 V at a rate of 1 V s −1 , which is the optimal scan rate for this media as reported in Ref. 11 . Three consecutive scans were recorded; the second scan is presented. A fresh reference electrode was used for every series of voltammogram. Error on the potentials quoted are calculated based on the movement of the stability of the peak upon repetitive cycling, minimum number of cycles is 6. Solid plasma 
